The recruitment of Mad1 to unattached kinetochores is essential for generating a "wait anaphase" signal during mitosis yet Mad1 localization is poorly understood in mammalian cells. In yeast the Bub1 checkpoint protein is the sole Mad1 receptor but in mammalian cells the Rod-ZW10-Zwilch (RZZ) complex is also required for Mad1 kinetochore localization. The exact function of the two mammalian Mad1 receptors and whether there is any interplay between them is unclear. Here we use CRISPR genome editing to generate RNAi sensitized human cell lines revealing a strong requirement for both Rod and Bub1 in checkpoint signaling. We show that the RZZ complex facilitates Mad1 binding to Bub1 and that a region of Bub1 overlapping the Mad1 binding site stimulates RZZ kinetochore recruitment. The requirement for RZZ in the checkpoint, but not Bub1, can be bypassed by tethering Mad1 to kinetochores or by increasing the strength of the Bub1-Mad1 interaction. Our data support a model in which the primary role of RZZ is to localize Mad1 at kinetochores allowing for the efficient checkpoint generating Mad1-Bub1 interaction. As such, the core checkpoint principle is conserved from yeast to man.
Introductory paragraph
The recruitment of Mad1 to unattached kinetochores is essential for generating a "wait anaphase" signal during mitosis yet Mad1 localization is poorly understood in mammalian cells. In yeast the Bub1 checkpoint protein is the sole Mad1 receptor but in mammalian cells the Rod-ZW10-Zwilch (RZZ) complex is also required for Mad1 kinetochore localization. The exact function of the two mammalian Mad1 receptors and whether there is any interplay between them is unclear. Here we use CRISPR genome editing to generate RNAi sensitized human cell lines revealing a strong requirement for both Rod and Bub1 in checkpoint signaling. We show that the RZZ complex facilitates Mad1 binding to Bub1 and that a region of Bub1 overlapping the Mad1 binding site stimulates RZZ kinetochore recruitment. The requirement for RZZ in the checkpoint, but not Bub1, can be bypassed by tethering Mad1 to kinetochores or by increasing the strength of the Bub1-Mad1 interaction. Our data support a model in which the primary role of RZZ is to localize Mad1 at kinetochores allowing for the efficient checkpoint generating Mad1-Bub1 interaction. As such, the core checkpoint principle is conserved from yeast to man.
Main text
In response to unattached kinetochores the spindle assembly checkpoint (SAC) is activated resulting in kinetochore recruitment of Mad1/Mad2, Bub1 and BubR1 checkpoint proteins in a manner stimulated by Mps1 kinase activity 1 . The recruitment of the Mad1/Mad2 complex, mediated by Mad1 kinetochore interactions, is essential because it catalyzes the first step in the generation of the mitotic checkpoint complex (MCC) that is the SAC effector delaying anaphase onset [2] [3] [4] [5] .
Understanding Mad1 interactions at kinetochores is therefore crucial for understanding the mechanism of SAC activation. In yeast Bub1 is the only receptor for Mad1 and formation of the Mad1-Bub1 complex requires Mps1 phosphorylation of conserved domain 1 (CD1) in Bub1 [6] [7] [8] . This mode of Mad1-Bub1 interaction is conserved to mammalian cells 4, 5, 9, 10 . However in mammalian cells the RZZ complex also contributes to localization of Mad1 and checkpoint activity (Supplemental Fig. 1 ) [11] [12] [13] [14] [15] . Several conflicting models regarding the specific mechanistic role and relative importance of the two Mad1 receptors in SAC signaling have been proposed 10, [16] [17] [18] [19] [20] . This is possibly due to varying degrees of depletion efficiencies and the fact that even minute amounts of checkpoint proteins are able to generate a checkpoint signal 21 . Furthermore whether there is any interplay between the two Mad1 receptors remains unexplored. Here we find a strong requirement for both Rod and Bub1 in generating a checkpoint signal and find that the two Mad1 receptors work in an interrelated fashion to facilitate checkpoint signaling.
To obtain a quantitative comparison of Rod and Bub1 null phenotypes we used CRISPR technology to target exon 2 of Rod and Bub1 in HeLa cells. Extensive screening did not result in any Rod null clones suggesting that Rod is essential in HeLa cells but we did identify clones with reduced expression of Rod, referred to as Rod C ( Supplementary Fig. 2a-d) . We isolated apparent Bub1 null clones (Bub1 C) as judged by an antibody targeting the N-terminus of the protein while a phospho-specific antibody recognizing S459/T461 phosphorylation (pSpT) detected residual Bub1 at kinetochores ( Supplementary Fig. 2e-g ). We then used specific RNAi oligoes (Supplemental Fig.   1a -c and 9 ) to further deplete Rod and Bub1 in the respective CRISPR cell lines (referred to as Rod CR and Bub1 CR). This resulted in almost undetectable amounts of protein remaining (Supplemental Fig. 2a,g ).
In agreement with the reported role of RZZ and Bub1 in chromosome segregation [21] [22] [23] Rod CR and Bub1 CR exhibited delays in alignment of chromosomes to the metaphase plate and after a delay they often exited with unaligned chromosomes suggesting a weakened SAC (Fig 1a and Table 1 ).
To measure the strength of the SAC, we challenged Rod CR or Bub1 CR with nocodazole or taxol.
Here, we observed a strong impairment in checkpoint signaling with only minor SAC activity remaining under both conditions (Fig. 1b,c) . Importantly, these effects were fully restored by exogenous RNAi resistant Venus-Rod or Venus Bub1 1-553 attesting to specific removal of the two proteins (Fig. 1b) . We note that Mad1 levels in Rod RNAi treated cells and Rod CR are very similar arguing that there is not a direct correlation between Mad1 levels and SAC strength (Supplemental These results raise the question as to whether Rod and Bub1 operate in separate pathways or whether they are mechanistically coupled. The quantitative comparison of Rod and Bub1 CR phenotypes suggests the latter mode of action, as their combined individual contributions to SAC strength are considerably lower than that of the control situation (Fig 1b,c) . To further investigate this, we first determined if the RZZ complex is required for the interaction between Mad1 and Bub1 using our recently established proximity dependent ligation assay 9 . If Rod and Bub1 operate in separate pathways the prediction would be that depletion of Rod should not affect the Mad1-Bub1
interaction. Strikingly the removal of Rod almost completely abolished any labeling of Bub1 (Fig.   2a ). This result shows that Rod is required for a full Bub1-Mad1 interaction and strongly suggests that Bub1 and Rod are functionally interlinked. Importantly the effect of Rod depletion is not an indirect effect of reduced phosphorylation of Bub1 on the S459 and T461 sites, which are required for Mad1 binding ( Supplementary Fig. 1d ,e). Fig. 2c-e) . In a complementary approach Mad1 was fused directly to Bub1 and this also bypassed the requirement for Rod ( Fig. 2b and supplemental Fig.3d ).
Altogether these results show that Bub1 and Rod are functionally coupled and that the primary role of RZZ in the SAC is to localize Mad1 at kinetochores allowing for a functional Mad1-Bub1 interaction.
To further probe the function of Bub1 in the checkpoint, the localization of Venus-Rod to kinetochores was investigated in Bub1 depleted cells. Efficient Rod kinetochore localization was dependent on Bub1 supporting that Bub1 stimulates its own interaction with Mad1 by facilitating RZZ localization ( required for RZZ localization which shows that these residues together with CD1 stimulates RZZ localization ( Fig. 3c,d ). Indeed if we fused the kinetochore targeting domain of Bub1 to a region encompassing CD1 and the downstream region this was sufficient for RZZ recruitment (Fig. 3b ,e,f).
In conclusion, Bub1 stimulation of RZZ localization is independent of the Bub1-Mad1 interaction but the region in Bub1 responsible for RZZ localization is partly overlapping with the Mad1 interaction domain.
We propose that the function of Bub1 in Mad1 recruitment is two-fold and highly integrated with the RZZ complex (Fig. 4) . The central Mad1 binding region of Bub1 stimulates RZZ localization hereby ensuring efficient Mad1 kinetochore localization to facilitate its own interaction with Mad1.
Since the RZZ complex localizes to kinetochores quickly after nuclear envelope breakdown we envision this mechanism is established immediately. It is important to point out that Bub1 only stimulates RZZ recruitment and if sufficient time is provided then in the absence of Bub1 the RZZ complex will localize and generate a fibrous corona that can recruit Mad1 Potentially this can be a general approach to study essential genes.
We favor that checkpoint strength is largely set by the amount of Mad1-Bub1 complex at kinetochores, which is not directly reflected by Mad1 kinetochore levels. Importantly the amount of Mad1-Bub1 complex likely changes over time as the amount of MCC that needs to be produced for establishing and maintaining the SAC are different. An initial high level of Bub1 phosphorylation might ensure that a large fraction of Mad1 is bound to Bub1 at early stages of mitosis to ensure a high level of MCC production to establish the checkpoint 10 . During checkpoint maintenance less Mad1-Bub1 is needed to maintain MCC levels and the bulk of Mad1 is bound to RZZ but Bub1 is still needed for efficient SAC signaling as shown by our Mad1 tethering results.
In conclusion our work reveals that the overall conceptual architecture of the checkpoint is conserved from yeast to man and likely the unique requirement for RZZ in mammalian cells reflects the weak affinity of Mad1 for Bub1. supervised the work and all authors contributed to data interpretation and writing the manuscript.
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Fig. 4 Model for the role of RZZ and Bub1 in Mad1 localization.
Model depicting the role of Bub1 in stimulating RZZ recruitment and RZZ in stimulating Mad1 binding to Bub1.
Table 1. Mitotic duration and errors in cell lines
Time from NEBD to exit in the indicated cell lines and the percent of cells delayed in alignment of chromosomes to the metaphase plate and displaying missegregation at exit. GGAAUGAUAUUGAGCUGCUAACAAA 3') (Thermofisher), were used for RNAi depletions.
Immunofluorescence and quantification
Cells growing on coverslips were synchronized with a double thymidine block followed by RO3306 (10 nM) block. After washing with PBS, the cells were treated with nocodazole (200 ng/ml) for 45 minutes and fixed with 4% paraformaldehyde in PHEM buffer (60 mM PIPES, 25 mM HEPES, pH 6.9, 10 mM EGTA, 4 mM 
Live cell imaging
Live cell imaging was performed on a Deltavision Elite system using a 40 x oil objective (GE Healthcare). Cells were transfected in 6-well plate and re-seeded in 8-well Ibidi dishes (Ibidi) one day before the filming. Growth media was changed to Leibovitz´s L-15 (Life technologies) before filming started. Appropriate channels were recorded for 18-24 hours and data was analyzed using Softworx (GE Healthcare). Statistical analysis was done using Prism software.
Western blot analysis of cell lines
Mitotic cells induced by nocodazole (200ng/ml) were collected and lysed in lysis buffer containing 10 mM Tris pH7.5, 150 mM NaCl, 0.5 mM EDTA and 0.5% NP40.
After centrifugation at 13,000 rpm for 10 min, the supernant was applied to SDS- 
